I
nfectious diseases are the second highest cause of mortality in patients on dialysis, and the occurrence of infectious events in dialysis patients is increasing worldwide. [1] [2] [3] Factors that increase the risk for infectious events in hemodialysis patients include advanced age, malnutrition, diabetes mellitus, and vascular access. However, detailed mechanisms of infection in dialysis patients have not yet been confirmed, and preventive strategies are limited.
Testosterone deficiency or hypogonadism is prevalent in patients with chronic kidney disease; approximately 40% to 60% of end-stage renal disease patients have testosterone deficiency. [4] [5] [6] [7] Earlier studies reported that the sex hormone testosterone is associated with the immune system and antibacterial activity. 8, 9 Testosterone deficiency may also cause a decrease in bone mineral density, muscle mass, libido, and energy, and an increase in fat mass and insulin resistance. 10 Low serum testosterone has been reported as a risk factor for all-cause mortality and cardiovascular disease (CVD) events in the general population 11, 12 and in hemodialysis patients. [4] [5] [6] [7] However, previous studies that investigated the relationship between testosterone and mortality in dialysis patients had a relatively small sample size and enrolled participants from a single center. [4] [5] [6] [7] Therefore, we designed a large-scale, multiinstitute, prospective cohort study to confirm the role of testosterone in infection-related hospitalization, as well as in all-cause mortality and CVD events, among male hemodialysis patients.
MATERIALS AND METHODS

Study Design
In this multi-institute, prospective cohort study, we recruited male hemodialysis patents from dialysis outpatient units of 15 medical institutions in Tokyo, Japan. Baseline visits for patient enrollment were conducted between May 1, 2011 and March 31, 2012, and enrolled patients were followed up until June 1, 2015. Patients were older than 20 years of age, had spent at least 3 months on dialysis therapy, and regularly received hemodialysis (3-5 h/session) 3 times a week. We excluded patients with acute gastrointestinal bleeding, acute coronary syndrome, liver dysfunction, and a history of prostate cancer at baseline. At all participating hospitals, acute coronary syndrome was defined as acute heart failure, acute myocardial infarction, and unstable angina. We also excluded patients who had currently experienced an active infection or were prescribed antibiotics at the time of inclusion in the study. None of the patients were receiving sex hormone therapy or taking sex hormone antagonists. The study protocol was reviewed and approved by the ethics committee of the Jikei Institutional Review Board at Jikei University School of Medicine. In addition, this study was approved by each participating institution's review board. All study procedures were in accordance with the Declaration of Helsinki and its revisions. Signed informed consent was obtained from all patients before inclusion in the study.
Data Collection
Age, sex, length of dialysis, primary illness leading to kidney dysfunction, and medical history were extracted from medical records. Medication information (use of antiplatelet drugs, vitamin K antagonists, phosphate binders, vitamin D receptor agonists, cinacalcet, antihypertensive medications, and statins) was obtained from prescription records. Comorbidity and medication were determined by chart review and standardized interviews at baseline.
Blood samples were collected at study entry, before the hemodialysis session after the longest interdialysis period. Routine biochemical measurements included serum sodium, potassium, phosphorus, calcium, magnesium, serum albumin, blood urea nitrogen, alkaline phosphatase, creatinine, hematocrit, intact parathyroid hormone, and C-reactive protein levels. The delivered dialysis dose was measured by single pool Kt/V.
Testosterone status was analyzed at a later date using frozen blood samples. The total testosterone level was measured by electrochemiluminescence immunoassay at SRL Tokyo Hachioji Laboratories, Tokyo, Japan. Sex hormoneÀbinding globulin was analyzed by an enzyme-linked immunosorbent assay kit (R&D Systems Inc., Minneapolis, Minnesota, USA).
Outcomes
Clinical outcomes were prospectively recorded and coded, blinded from clinical and biochemical data. These data were collected by study investigators. After review of available information, the cause of death was classified as either cardiovascular, infectious, malignancy, or other. The primary outcome assessed was infectious events requiring hospitalization, defined as a composite of death due to infectious diseases and the first infectious event requiring hospitalization. Infection-related hospitalizations were categorized into 8 mutually exclusive categories: respiratory, gastrointestinal, genitourinary, musculoskeletal, vascular access, septicemia, skin, and others. The secondary outcomes were all-cause mortality and CVD events, which were defined as sudden death, acute coronary syndrome that did not include angina pectoris but included acute myocardial infarction and unstable angina, and stroke that did not include transient cerebral ischemia but included ischemic infarction and cerebral hemorrhage. We set the recruited date for each patient as the time origin of the survival analysis. We counted only the first event for each patient and did not count repeated events in the survival analysis. In all analyses, we censored follow-up at loss to follow-up, renal transplantation, or the end of the study.
Statistical Analysis
Non-normally distributed data were expressed as median (25th and 75th percentiles), and normally distributed data were summarized as mean AE SD, as appropriate. Binary data were summarized as percentages. Total testosterone levels were divided into 3 groups: lower tertile (<9.05 nmol/l), middle tertile (9.05-13.7 nmol/l), and higher tertile (>13.7 nmol/l). Differences among >3 groups were analyzed by analysis of variance or the Kruskal-Wallis test, as appropriate. Nominal variables were analyzed by the c 2 test. To investigate the associations between total testosterone levels and all-cause mortality, we applied Kaplan-Meier survival curves and the Cox proportional hazard model. Univariate and multivariate Cox regression analyses are presented as the hazard ratio (HR) and 95% confidence interval (CI). We used age, body mass index, albumin, creatinine, C-reactive protein, sex hormoneÀbinding globulin, use of angiotensinconverting enzyme inhibitors or angiotensin II receptor blockers, diabetes mellitus, and a history of CVD for multiple regression analysis. At the study outset, we divided patients into 3 age groups: younger than 60 years, 60 to younger than 70 years, and 70 years or older for subgroup analysis. Statistical significance was set at P < 0.05. All statistical analyses were performed using STATA 14.0 (STATA Corp., College Station, Texas, USA).
RESULTS
Patient Characteristics
Of 931 initially evaluated patients, 25 patients were excluded at entry for the following reasons: acute gastrointestinal bleeding (n ¼ 2), acute coronary syndrome (n ¼ 2), liver dysfunction (n ¼ 10), history of prostate cancer (n ¼ 8), and infection or antibiotic therapy (n ¼ 3). As a result, we included 902 patients in this study. Their mean AE SD age was 63.4 AE 11.8 years, and their median time on dialysis was 81 months (range: 38-144 months). Diabetes mellitus was observed in 366 patients (40.6%). Median (interquartile range) of total testosterone was 11.7 nmol/l (7.9-14.9 nmol/l). Testosterone deficiency (< 10 nmol/l) was seen in 365 (40.5%) patients. Patients in the lower testosterone tertile tended to be older; had lower serum albumin, hemoglobin, and creatinine levels; and had higher body mass index and potassium, and higher C-reactive protein levels than those in the higher testosterone tertile (Table 1) . However, there were no significant differences in the prevalence of diabetes mellitus, history of CVD, phosphorus levels, and total cholesterol levels among the tertiles. Thirteen patients were lost to follow-up.
Testosterone and Infectious Events Requiring Hospitalization
During a median follow-up of 24.7 months, 116 infectious events required hospitalization (12.9%). The types of infectious events were as follows: respiratory (n ¼ 47), gastrointestinal (n ¼ 34), cystic infection (n ¼ 4), vascular access infection (n ¼ 3), and others (n ¼ 28). Infection-related hospitalization was significantly associated with testosterone levels by both unadjusted (HR: 2.82; 95% CI: 1.72-4.61; P < 0.01) and adjusted Cox proportional hazard models (HR: 2.12; 95% CI: 1.18-3.79; P ¼ 0.01) (Table 2, Figure 1a) . A consistent trend toward decreased risk for infectious events that required hospitalization was observed in patients with higher testosterone levels, even after multivariate adjustment.
Testosterone and All-Cause Mortality One hundred twenty-three patients died during the study period (13.6%). The distribution of cause of death was as follows: CVD (n ¼ 59), infections (n ¼ 22), malignancy (n ¼ 21), and others (n ¼ 21). Lower total testosterone levels were significantly associated with all-cause mortality than higher levels according to unadjusted analysis (HR: 2.80; 95% CI: 1.73-4.59; P < 0.01) and Cox proportional hazard models (HR: 2.26; 95% CI: 1.21-4.23; P ¼ 0.01) (Table 2, Figure 1b ).
Testosterone and CVD Events
One hundred fifty-one CVD events occurred during the study period (16.7%). The distribution of CVD CLINICAL RESEARCH events was as follows: sudden death (n ¼ 37), acute coronary syndrome (n ¼ 74), cerebral infarction (n ¼ 27), and cerebral hemorrhage (n ¼ 13). No statistically significant associations were observed between baseline testosterone levels and CVD events in both unadjusted ( Figure 1c ) and fully adjusted models (Table 2) .
Infectious Events and Mortality in Older Patients
We divided patients' characteristics according to age (younger than 60 years, 60 to younger than 70 years, and 70 years or older) ( Table 3 ). There were significant differences among the age groups in body mass index, length of dialysis, creatinine, and C-reactive protein.
Although total testosterone decreased with age, sex hormoneÀbinding globulin increased with age. There were no significant differences in the prevalence of diabetes mellitus, albumin, calcium, phosphate, and hemoglobin. The association between serum testosterone level and all-cause mortality varied with age. The P value for interaction between age younger than 60 years, 60 to younger than 70 years, and 70 years or older and serum testosterone level was 0.03. However, in stratified analysis, an association between adjusted risk of mortality and low serum testosterone levels was observed in older participants (70 years or older), but not in those younger than 60 years and those 60 to younger than 70 years (HR: 2.71; 95% CI: 1.15-6.40; P ¼ 0.02) ( Table 4 ) (Figure 2aÀc) . Interactions between serum testosterone levels and infectious events requiring hospitalization also varied with age (P ¼ 0.01). In stratified analysis, an association between adjusted risk of infection-related hospitalization and low serum testosterone levels was observed in older participants 60 to younger than 70 years but not in those younger than 60 years (HR: 4.87; 95% CI: 1.74-13.6; P < 0.01) (Table 4) (Figure 2dÀf ). There were no significant associations between testosterone levels and CVD events, irrespective of age.
DISCUSSION
The results of this study showed that lower levels of serum testosterone were associated with infectionrelated hospitalization and all-cause mortality in male hemodialysis patients. CVD events were not significantly associated with testosterone levels. We confirmed the association between testosterone and infection-related hospitalization and all-cause mortality in older patients. To our knowledge, this study was the first to show an association between testosterone and infectious events that required hospitalization. In addition, our study was the largest study to investigate the association between serum testosterone levels and adverse clinical outcomes in dialysis patients.
A novel observation of our study was the association between testosterone levels and infection-related hospitalization. In addition, these results were found among older dialysis patients. Testosterone regulates the immune system to produce anti-infection and antiinflammatory cytokines. Previous studies showed that testosterone regulates responses to immunological stimuli through androgen receptors in immune cells. 13, 14 Another study reported that exogenous treatment of young adult male mice with testosterone generally reduced the synthesis of proinflammatory cytokines (e.g., interferon gamma and tumor necrosis factor-a), increased anti-inflammatory cytokines (e.g., interleukin-10), and reduced helper T-cell type 1 activity. 15 A recent study reported that reduced testosterone levels contributed to age-associated increases in influenza infection in experimental murine models, and treatment of these reduced testosterone levels improved survival rates. 16 The association between infectious disease and declining testosterone levels was previously reported for influenza virus, 17 HIV, 18 and tapeworm infections. 19 However, to our knowledge, no study has investigated whether administration of testosterone prevents infectious events.
In our study, the most frequent type of infection was respiratory infection (40.5%), such as pneumonia, sinusitis, lung abscess, and pleuritis. Previous studies also revealed a relationship between androgen deprivation therapy and community-acquired respiratory infections in patients with prostate cancer. 20, 21 Another study reported that surgical and pharmacological castration induced morphological changes in the lung, similar to those observed in human lung emphysema. 22 In addition, testosterone levels were lower in severe chronic obstructive pulmonary disease, in patients with severe hypoxemia (partial pressure of oxygen in arterial blood <60 mm Hg), and in hypercapnic patients. 23 Another study also reported hypogonadism in aged male patients as a risk factor for respiratory tract disease. 24 Therefore, it is possible that testosterone is associated with the immune system of respiratory organs, and low levels of testosterone may increase the risk of respiratory infections.
There are several other possible mechanisms for the association between testosterone deficiency and infectious events. Testosterone is strongly associated with muscle mass and strength, 25 and sarcopenia, which is a state of decreased muscle mass, is a risk factor for mortality and infectious events. 26, 27 Low levels of plasma gelsolin, which is produced primarily by skeletal muscle and has antimicrobial actions through inactivation of bioactive lipid mediators, have been associated with increased mortality in hemodialysis patients. 28 A previous study showed an association between androgen and gelsolin. 29 In addition, vitamin D has recently been considered a key factor in the expression of bactericidal proteins (e.g., cathelicidin) and immune defense. 30 Because previous clinical studies showed that serum testosterone levels and vitamin D levels are significantly associated, [31] [32] [33] it is possible that testosterone influences the anti-infectious effect of vitamin D.
Several mechanisms have been proposed to explain the association between testosterone and mortality. First, a decrease in testosterone levels is associated with an increase in risk factors for CVD, such as hyperlipidemia, 34 metabolic syndrome, 35 obesity, 36 and insulin resistance. 37 Second, low levels of testosterone are associated with decreased muscle mass 38 and are considered a risk factor for frailty. 39 Testosterone plays an important role in muscle health by promoting synthesis of muscle cells and suppressing inflammatory cytokines, such as interleukin-6 and tumor necrosis factor-a, which activate muscle atrophy through the ubiquitin-proteasome system. 25, 40 Third, suppressive androgen receptors influence bone reabsorption, 41 and testosterone deficiency has been reported as a risk factor for fracture events 42 and falls. 43 In our study, associations between low levels of serum testosterone and infectious events and all-cause mortality were 
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confirmed only in older patients (70 years or older). A previous study also reported that adverse outcomes of low testosterone levels were especially seen in older populations. 12 Thus, the effects of testosterone deficiency are particularly important in older patients who are more vulnerable to these effects.
Our results did not indicate a significant association between testosterone levels and CVD events. The prevalence of CVD events in Japanese dialysis patients was lower than that in Caucasian and African American patients. 44 Hence, it was possible that our sample size was not large enough to detect an effect of testosterone on CVD events. Conversely, it was also possible that lower testosterone levels are not a risk factor for CVD events in hemodialysis patients. In general, hyperlipidemia, metabolic syndrome, and obesity, all of which are influenced by testosterone, are risk factors for CVD events. 45 However, in patients on dialysis, these factors are related to a better prognosis, which is referred to as paradoxical epidemiology. 46, 47 Although some studies showed an association between testosterone deficiency and CVD events among hemodialysis patients, 4, 5 another study did not find any association. 7 This suggests that the association between testosterone and CVD events in hemodialysis patients may be weaker than that in the general population.
There were several limitations associated with our study. First, because this study was an observational study, we could not confirm a causal relationship between testosterone levels and the primary and secondary study outcomes. Second, we did not investigate clinical signs of hypogonadism, such as decreased libido, erectile dysfunction, and depression. Third, we only measured testosterone levels at baseline. However, a previous general population study reported that a single measurement of testosterone reflected mean annual testosterone levels. 48 Fourth, we did not have information about vascular access. The use of a central venous catheter is a risk factor for infectious events. 49 However, because arteriovenous fistulas are the main type of vascular access for hemodialysis in Japan (w90% of all cases), 50 the influence of vascular access on infectious events might have been relatively small in this study. Because only 3 patients in this study developed vascular access infections, the types of vascular access might not influence the overall results.
In conclusion, our study showed that testosterone levels were associated with infectious events and all-cause mortality in male hemodialysis patients. However, the underlying mechanisms remain to be explored. Future large-scale prospective and interventional studies are required to clarify the need for testosterone replacement in dialysis patients.
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